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Precision Density Measurements Near the Helium
Lambda Transition Using High-Q Microwave Cavities D. M.
STRAYER, Jet Propulsion Laboratory, Caltech, W.JIANG, N.-C.
YEH, N. ASPLUND, Caltech — A new experimental approach for high-
precision density measurements of liquid helium near the lambda tran-
sition is proposed, Using a high-Q Nb microwave cavity (Q~10%°)
and the high-resolution thermometry (HRT), the changes in the den-
sity of helium that fills the cavity can be detected to high precision
by accurate measurements of the resonant frequency shift (Af) asa
function of the temperature. Since the frequency shift provides di-
rect information for the changes in the dielectric constant, and since
the dielectric constant is related to the density through the Clausius-
Mossotti relation, the capability of high resolution frequency measure-
ments (to one part in 10”) will euable us to resolve density changes
to one part in 101°. Numerical calculations have been performed to
demonstrate the feasibility of this approach for mapping out the density
profile of liquid heliuin which couples to the TE modes of a microwave
cavity, For temperatures very near the lambda transition, a superfiuid-
normal fluld interface develops inside the cavity. A numerical decon-
volution techinique is established to resolve the helium density profile
in the cavity. Preliminary experimental data using a TM01 O niobium
cavity and with microkelvin temperature resolutions will be presented,
*Supported by NASA contract and Packard Foundation.
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Motivation

» Test of the Critical Relation of 8p near the Lambda
Mransition

Bp = A" (14 Dt +- )+ B
1 9p

pOTlp
High precision measurement of p(T)
= fAp(17) = a, A, B,D,x

$ Related Experimental Work:

‘Physical Quantity Sensitivity (ex=11-(T/T))])

: Van Degrift & Pellam Capacitor (C) 6C/C ~107% ¢y -10-"5
§ 1974
Muellel, Ahlers, & Pobell thermal expansion 6P ~ 077 bar, € ~ 10~°
. | 1976 coefficient (3p)
Lips, etal heat capacity (C) 6Q/Q ~ 1074, €y ~ 100

(to be published iuPRI)

this technique resonant frequency §f/f~10713 ¢y ~ 10790
I _____shift (Af/fo)

¢ Other Applications:

4 .
8He — " He mixture: p pir = 2p age + (1 — 2)p 4z,
Precision measurements of p == precison measurement of x.




FROM COND MATTER PHYS, CO-TECH 8 3-6£83-985 B3 2,199 01:32

20|+
4
m,&o
%
%
5 e Notma 3He/4He
uperfluid
15 TP
m He/ He
b~
Q
| 2
_ ©
| & 10F
5
M = AW//OD 590
| .ﬂ_n O\mGO@
__ OA/QGU
! 0.5 ¢

Two-phase region

W

0.25 0.50 0.75

3 : .
He condcentration x

Ref 1ol uhd Mattes tw o Dctheds o
rw.\m N.“»Mn ,\A w\?\w [




FROM COND. MRATTER PHYS,, CALTECH 818-683-3069 63.13.1998 Q133
J.13.1399 P33

l

{

Technical Approach

o Clausius-Mossotti Relation (¢ < p)

& — lédmoyg
e+ 31 ”

E ; dielectric constant
¢y : polarizability
(assumed to be constant near the lambda transition]])

M : molecular weight
p : density

In a microwave cavity, the electric fields couple to the
ielectric ¢constants ¢

¢

Cavity resonant frequency shift(Af) due to the small
hange of ¢ of liquid helium:

Af g [yle - eo)lEofav

fo d [y, €0l Bo2dV

f() . resonant frequency of the resonator
at a reference temperature
W : volume of the cavity

Ey : the électric field of the resonant mode
. dielectric constant(s) at the reference temperature
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« Gravity [Effect

fonsider a cylindrical cavity maintained at g yniform
emperature T,

| 1= T4(0) -t- w

Yo = 1.273 x 107°K /em

Ref: Ahlers, Phys. Rev. 171, 275 (1968).

H T,\(O) <T< T/\(d), a superfluid/normal fluid interface
éppearsinside the cavity at the position
T ~13(0)
ZO e " n

Y0
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|

. Deconvolution for Resolving p(z, T) near the Lambda

| Transition
Clausius-Mossottj
deconvolution relation
Af
7()(T) SN e(z,T) =N p(z,T)

For T'E,,,,¢ mocks,

. A tknaHy , (P r\  (fnz
£ )

7

Af J o fo /_Z;[slz_,T) - &(z, T(0)]sin? (g%z) dz
»—'-(T) T = T ) ' [7('2' g
fo f( /Oe(z, T,\(O))sznz (T) dz
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f Experimental

. —— High-Q Nb microwave cavity:
Q ~10° near 2.2 K
— High-Resolution Thermometry (HRT):

SQUID magnetic susceptibility:
Ref: Lipa et @, Physica B+C 107, 331(1981)

| Teémperature resolution: ~ 10-10 K
3 Temperature stability: ~ 1079 K

| ,j~_~ High-resolution frequency source:

HP high-stability source:df/f ~ 10713
phase-lock loop technique: §f/f ~10-15

1
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. Block Diagram of- Resonant Fr?quency Measurement
Using a High-Q Microwave Cavity
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+ Schematic Measurement Cell Design
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L Deconvolution Algorithm

‘ Z
7=

7=1y

For Ty(0) < T < Th(z),

a given temperature 7" == an interface position z;

! Choose
| T =T\(0) +vzj,J =1,...N,
i 1 such that z_,:j;g—,
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| Discretization
Af gy oo _ [l T) = ez, T3(0))sin?(2
fo f0 /d (2, T1(0))sin?(22)d

where

t=1,..,N,7=1,... N
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‘ ‘ <= Linear algebra problem
A x=b =—x=(4T4)14Tb

where

X-—E*&(), b::.éﬂv_c
2
e(—dt) ) Al
(8( --j\ih—ldt) ( é(.)i(Tl)
N fo( 2)
E: . 3 == .
, e(dt) ) AL(y)
: ((1——6‘1)u7j 0 .. 0 [0 u?l 0 0 ) (sinz Q:Tzl
; I-Cou” 0 ...0[ |0 0 u” .. 0 sin? (22
U= 0 d
l f e 0= 0 y W= .
- ' 0..0 C e e
— O \n7 .

With z? = 1 & 3,2N unknowns: :-g; (assume ¢y is
known) , and 2N equations.
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. Computer Simulation

0.146081 - 0.1451189x10-%0 X (2630.9¢
~7768.2 tlogyo|t| + 20547.1 ¢2 + 15963.2 tlogy|t|
+24525.3 3 — 12728 t*tlog)lt|), for t < O;

i
. T t) =
| ,0( ) 0.146081, ¢t = O;

| 0.146081 + 0.1451189 x1076-0x (-31288.6 ¢
—8086.1 tlogipt™ 10738.1 2 — 3010.4 t3), for ¢ >0.

! where t = T — T\(z)
? ag( = 0.128363 N4 = 0.204849 cm?®/molecule

M = 6.6424 x 10~2%g

1 + 2ap . 410

()= T=ap’ “~3M
| = Ay B [ T) - el o))
Jo fo d 2 bz
/Oe(z,TA(O))sm (52)d=

, ; .x ;/“". I‘: BO"'\E-L'f( :(j /< ;O;Q/M((“n AL ga/'e'y[l1\

f { ) 4 ,

i ‘ 4 -—-7\ K ":‘ ) O v i .
' [he iy I /D/N/zc ey of [:5.‘:({ el

((‘ ( o . " -ll'\ ele »
- g e C(d /(/(47101 7)/1( Cleev ¢ ,«7;;
1] -~
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|
| } E(t)
=T, (0)
t=T-T, (2)
. t¥od *

T €(t)

- =T, (2)
+7,d

& (t)

T 4:T;L(d)

~To*( 0 Y, cT :T-TK “
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. 1.5
T —*T, (K) x 10-7
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parth-bound laboratory

nricrogravity environment

BI.12.13%9: @142

‘-Expected Resolution in Density Measurement

6p/p

of/f 6T/T

~ 10713 ~ 1079

~ 10—13 ~ 10—11
~ 10-

10-13

~< 3.5 x 10710
~< 0.8 x 10710

~< 2.5 x107
~< 215 X 10"12
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Summary

e High precision measurements ofhelium density near
the lambda transition

High-Q Nb cavity (Q ~ 10° near 2.2 K)
High-resolution thermometry (|T' - T)|~ 10°K)
High-resolution frequency source (6f/f ~10713)

::::>5p/p~ 101110

« Deconvolution algorithm

af

7i (T) == &(T, z) [==> p(T, 2)]

* Potential of the Technique:

Higher precision density measurements in the microgravity
environment:  87/7 ~ 10-" == 6plp~ 10-"



